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A B S T R A C T   

Melanin binding of drugs is known to increase drug concentrations and retention in pigmented eye tissues. Even 
though the correlation between melanin binding in vitro and exposure to pigmented eye in vivo has been shown, 
there is a discrepancy between rapid drug release from melanin particles in vitro and the long in vivo retention in 
the pigmented tissues. We investigated mechanisms and kinetics of pigment-related drug retention experimen-
tally using isolated melanin particles from porcine retinal pigment epithelium and choroid, isolated porcine eye 
melanosomes, and re-pigmented ARPE-19 cells in a dynamic flow system. The experimental studies were sup-
plemented with kinetic simulations. Affinity and capacity of levofloxacin, terazosin, papaverine, and timolol 
binding to melanin revealed Kd values of ≈ 50–150 μM and Bmax ≈ 40–112 nmol.mg− 1. The drugs were released 
from melanin in <1 h (timolol) or in 6–12 h (other drugs). The drugs were released slower from the melanosomes 
than from melanin; the experimental differences ranged from 1.2-fold (papaverine) to 7.4-fold (timolol). Kinetic 
simulations supported the role of the melanosomal membrane in slowing down the release of melanin binders. In 
release studies from the pigmented ARPE-19 cells, drugs were released from the cellular melanin to the extra-
cellular space in ≈ 1 day (timolol) and ≈ 11 days (levofloxacin), i.e., much slower than the release from melanin 
or melanosomes. Simulations of drug release from pigmented cells in the flow system matched the experimental 
data and enabled further sensitivity analyses. The simulations demonstrated a significant prolongation of drug 
retention in the cells as a function of decreasing drug permeability in the melanosomal membranes and 
increasing melanin content in the cells. Overall, we report the impact of cellular factors in prolonging drug 
retention and release from melanin-containing cells. These data and simulations will facilitate the design of 
melanin binding drugs with prolonged ocular actions.   

1. Introduction 

Pharmacological treatment of the ocular anterior segment (e.g. in-
flammations, elevated intraocular pressure) is practiced with small 
molecule drugs that are given topically in eye drops at intervals of 1–8 
eye drops daily, depending on the indication and drug [1]. Frequent 
application rates and difficulties in the eye drop instillation lead to 

reduced patient compliance; for example, about 50% of glaucoma pa-
tients do not use their medications properly [2]. Some pharmaceutical 
approaches have been used to prolong the instillation intervals (e.g. 
microparticles, inserts, gels) [3,4], but no technology has reached wide 
use in the clinics. 

The posterior eye segment is treated mostly with drugs that are given 
as intravitreal injections [5]. This applies to some biologicals (e.g. anti- 

Abbreviations: app koff, apparent dissociation rate constant; ARPE19-mel, artificially re-pigmented ARPE-19 cells; Bmax, maximum binding capacity; Ccytosol, free 
drug concentration inside cytosol; Cmel, free drug concentration inside melanosome; Kd, equilibrium dissociation constant; koff, dissociation rate constant; kon, as-
sociation rate constant; L, free ligand concentration; LC-MS/MS, liquid chromatography–mass spectrometry/ mass spectrometry; LLOQ, the lowest limit of quan-
tification; LM, occupied binding sites; M, available binding sites; Mtot, total concentration of binding sites; n, heterogeneity index; NSB, nonspecific binding; Papp, apical 

or basolateral, permeability of single membrane (apical or basolateral); Papp, total, apparent permeability of a cell monolayer; RPE, retinal pigment epithelium; SA, 
surface area; UPLC, ultra-performance liquid chromatography. 
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VEGF antibodies, soluble receptors), but small molecules are eliminated 
from the vitreous in a few hours making clinical treatment with inject-
able solutions impractical [6,7]. In the case of corticosteroids, poorly 
soluble suspensions (e.g. triamcinolone acetonide) or controlled release 
implants (e.g. dexamethasone releasing Ozurdex) have been used to 
extend the duration of drug actions [8]. However, a short duration of 
action remains a major hurdle in the development of small molecule 
drug treatments for retinal diseases. 

Successful prolongation of pharmacological effects would benefit 
ophthalmic drug discovery and development. Melanin binding of drugs 
in the eye is an interesting phenomenon that has implications in the 
prolongation of drug actions. Melanin is an insoluble endogenous 
polymer that is located in the melanosomes of pigmented cells in the iris, 
ciliary body, retinal pigment epithelium (RPE), and choroid [9]. It is 
known that many drugs (e.g. brimonidine, betaxolol, levofloxacin, 
atropine, timolol) bind to melanin, leading to elevated drug concen-
trations and prolonged retention in the pigmented eye tissues [10–13]. 
Half-life of declining mydriatic response after topical atropine instilla-
tion was 43 h in albino rabbits, whereas extended half-life of 96 h was 
seen in pigmented rabbits [14], which is in line with the slow recovery of 
human eyes (1–2 weeks) from atropine effects. Likewise, the miotic 
response vs time curve after instillation of topical 4% pilocarpine solu-
tion showed 1.8 times slower response decay in pigmented rabbits than 
in the albino rabbits [15]. This resulted in 3.3 times higher area under 
the miotic response vs time curve in pigmented animals as compared to 
the albino rabbits. More recently anti-VEGF agent pazopanib and its 
analogue GW771806 showed depot effect in pigmented rats after per 
oral dosing [16]. Pigment binding and retention of 35 days were 
demonstrated as well as anti-neovascular effects in pigmented mouse 
and rat models. 

Even though the melanin binding of drugs has been known for de-
cades, the chemical drivers of melanin binding have been investigated 
and revealed only recently [17,18]. This paves way for drug discovery 
approaches that utilize melanin binding as the pharmacokinetic key 
factor. Correlation of in vitro melanin binding and in vivo retention in the 
tissues was shown recently, but the striking difference (orders of 
magnitude) was seen between short drug retention in melanin particles 
in vitro and long retention in the pigmented rat eyes in vivo [19]. Based 
on theoretical simulations we suggested that interplay between melanin 
binding and cell membrane permeability may extend drug retention in 
the pigmented cells [20]. In this study, we performed a systematic and 
mechanistic study to investigate drug retention in melanin, melano-
somes, and pigmented cells to understand the interplay of various fac-
tors in sustained drug release from pigmented cells. The experiments 
were supported with kinetic simulations. 

2. Materials and methods 

2.1. Materials 

Levofloxacin, terazosin hydrochloride, papaverine hydrochloride, 
timolol maleate, and all other reagents were purchased from Sigma- 
Aldrich, Germany. Stock solutions of 50 mM in DMSO were prepared 
for levofloxacin, and timolol whereas 12.5 mM and 10 mM solutions 
were used for terazosin and papaverine, respectively. Further dilutions 
were made in either Hank's balanced salt solution (HBSS pH 7.4, with 
CaCl2, MgCl2) or Dulbecco's phosphate-buffered saline (DPBS pH 7.4, 
without CaCl2, MgCl2) from Gibco (Thermo Fisher Scientific, Waltham, 
MA, USA). Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F-12, Gibco, Cat No. 31330–038) supplemented with 10% FBS 
(Fetal bovine serum), and 1% penicillin/streptomycin were used to 
culture ARPE-19 cells (ATCC, Manassas, VA, USA). Acetonitrile was 
purchased from Honeywell (Seelze, Germany) and formic acid from 
Merck (Darmstadt, Germany). Internal standards for mass spectrometry 
(levofloxacin D8, terazosin D8, papaverine D3, rac timolol-d5 maleate) 
were purchased from Toronto Research Chemicals (Toronto, ON, 

Canada). 

2.2. Studies with melanin and melanosomes 

Melanin was isolated from the RPE and choroid of the porcine eyes as 
described elsewhere [21], and the melanin was stored at − 20 ◦C until 
use. Intact RPE melanosomes were isolated from fresh porcine eyes as 
previously described elsewhere [22]. Drug release from melanin and 
melanosomes was investigated based on the previous method for 
melanin [19] with slight modification. The isolated melanin was 
weighted and sonicated for 15 min at 37 ◦C in a bath sonicator (Elma-
sonic S 40H, Elma Schmidbauer GmbH, Singen, Germany) to form a 
homogenous suspension prior to the experiment. Melanin suspension 
(0.1 mg.mL− 1) was prepared in HBSS buffer with 5 mM ATP at pH 7.4. 
Similarly, isolated melanosomes (0.1 mg mL− 1) were suspended into 
HBSS buffer containing ATP (5 mM, at pH 7.4). Next, the melanin and 
melanosome suspensions were exposed to a concentration of 100 μM 
(levofloxacin, timolol, terazosin, or papaverine) in a total volume of 100 
μL for 2–5 h at 37 ◦C on a shaker (at 250 rpm). Following the drug 
exposure, the drug-loaded melanin and melanosomes were centrifuged 
at 2800g for 10 min at room temperature and the pellets were resus-
pended in a 10 mL of HBSS buffer with 5 mM ATP. 

Samples of 100 μL were collected at defined time points during 24 or 
48 h (terazosin and timolol in melanosomes samples only). All the 
samples were centrifuged immediately at 14000g for 1 min and 60 μL of 
supernatant was mixed with 60 μL of acetonitrile that contained 0.2% 
formic acid. Thereafter, these new solutions were further centrifuged at 
15000g for 15 min and 10 μL of internal standard was added to 90 μL of 
the supernatant and stored at − 80 ◦C prior to the analyses with liquid 
chromatography coupled with tandem mass spectrometry (LC-MS/MS). 
All the experiments were performed at least in triplicate. 

Melanin content of isolated melanosomes was determined using 
spectrophotometry at absorbance of 690 nm (Varioskan LUX™ Multi-
mode microplate reader, Thermo Fisher Scientific). Dilution series of 
melanin suspensions (0, 0.05, 0.1, 0.25, 0.5, 1 and 2 mg.mL− 1) was used 
as a reference standard for quantification of melanin in the intact me-
lanosomes. In addition, a sample of intact melanosomes was sonicated 
for 15 min at 37 ◦C to release melanin and its melanin content was 
quantitated. 

2.3. Studies with pigmented cells 

2.3.1. Culture and re-pigmentation of ARPE-19 cells 
ARPE-19 cells were cultured in supplemented DMEM/F-12 using T25 

or T75 cell culture flasks at 37 ◦C and in the presence of 7% CO2 [23]. 
The cells were sub-cultured every 7 days and the growth medium was 
changed every 3–4 days. Passages 11–29 were used in these studies. 
ARPE-19 cells do not display pigmentation in these normal growth 
conditions. 

Twelve to fourteen days prior to the release studies, ARPE-19 cells 
were seeded on glass coverslips (Menzel™ Microscope Coverslips 
CAT#CB00120RA1, 12 mm in diameter) within 24-well plates (Nunclon 
Delta surface, 1.9 cm2/well, Thermo Scientific) at a density of ~75,000 
cells/well. The glass coverslips were first coated aseptically with 
collagen (Collagen from rat tail, Bornstein and Traub Type I, powder, 
BioReagent, C7661-5MG, Sigma-Aldrich) for 3 h (10 μg/cm2), sterilized 
with 70% ethanol, and rinsed twice with DPBS buffer prior to cell 
seeding. Medium renewal (50–75% of medium) was carried out every 
other day for 12–14 days. Four to five days post-seeding, the coverslips 
became confluent with ARPE-19 cells. Re-pigmentation of ARPE-19 cells 
was performed as described earlier, with slight modifications [24]. 
ARPE-19 cells were exposed to different doses of isolated melanosomes 
(the equivalent of 23.0, 38.5, 57.5, 115, and 230 μg of melanin per well). 
To achieve even cellular pigmentation in the wells, the medium was 
mixed using pipetting during the first three days (days 5–8) and 50–75% 
of the medium was changed every second day. After 12–14 days post- 
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seeding, the ARPE19-mel (artificially re-pigmented ARPE-19) cells were 
used in the uptake study. 

The cell viability was assessed at many stages to ensure that the cells 
remain functional. AlamarBlue™ cell viability protocol (alamarBlue™ 
Cell Viability Reagent CAT No: DAL1100, by Invitrogen) was performed 
before the drug uptake study, at the end of drug release study, and 
during method optimization. All tests were performed at least as three 
replicates. 

2.3.2. Cellular uptake of timolol and levofloxacin 
Prior to drug uptake, the cells were washed twice with HBSS buffer to 

remove non-internalized melanosomes and FBS from the wells. The 
coverslips with cells (ARPE19-mel) and two control coverslips (coated 
and non-coated) in 24-well plates were included in the study. The cells 
were exposed to 20 μM of timolol or levofloxacin in serum-free DMEM/ 
F-12C for at least 18 h (on a shaker at 175 rpm). Three different aliquots, 
from ARPE19-mel, controls coverslips with and without collagen 
coating, were collected from each well before and after incubation with 
drug solutions. All the experiments were performed at 4–6 replicates. 

2.3.3. Cells in dynamic flow system 
The cells were investigated in dynamic flow system (Quasi Vivo®) 

[25,26] with 6-channel peristaltic pump (Parker Polyflex), 6 parallel 
chambers, and 30 mL reservoir bottles (Supplementary Fig. S1). To 
study drug release from pigmented cells, we optimized the conditions in 
the dynamic flow system. First, ARPE-19 cells were cultured on non- 
coated coverslips and incorporated into the flow system at different 
flow rates (104, 159, 190, and 250 μL.min− 1). The cell viability was 
tested and compared to the static condition. The water evaporation was 
determined with supplemented medium over the course of 14 days, then 
the media with and without FBS were evaluated, and the evaporated 
volume was compensated at 24 h intervals with a fresh medium. 

The DMEM/F-12 medium supplemented with 10% FBS and 1% 
penicillin/streptomycin showed ideal viability up to 18 days when 50% 
of the medium was changed every 3–7 days. The flow rate of 159 μL. 
min− 1 was selected for the assays (Supplementary Fig. S2.). ARPE19-mel 
cells remained viable in these conditions, and collagen-coated coverslips 
were used to optimize melanosome uptake and cell viability. 

2.3.4. Drug release from the pigmented cells 
Immediately after drug uptake, the ARPE19-mel cells were washed 

with cold HBSS buffer to remove non-associated drug and the cells on 
coverslips were transferred to Quasi Vivo® (with 20 mL of medium) in 
an incubator at 37 ◦C. At each time point, 100 μL of the sample was 
collected from reservoir bottles (or mixing chamber) and replaced with 
100 μL of fresh medium. Sampling times were fixed (1, 2, 4, 6, 12, 24, 
48, 96, 98, 120, 168, 170, 192, 264 and 312 h). Partial medium 
replacement (≈50%) was performed at 96 and 168 h. During 13 days of 
the release study, the evaporated volumes were replaced daily, and total 
medium volume was measured at the end of the experiment. Samples 
were stored at − 20 ◦C before processing. 

The protein in the release test samples was precipitated by adding 
two parts of acetonitrile with 0.1% formic acid (including the internal 
standard). Internal standards were levofloxacin D8, and rac timolol-d5 
maleate salt. These aliquots were vortexed for 10 s followed by 10 
min of centrifugation at 14000 g at 4 ◦C. Finally, 100 μL of the super-
natant was collected and kept at − 80 ◦C until liquid chromatogra-
phy–mass spectrometry (LC-MS/MS) analysis. 

At the end of the release experiments with pigmented cells, their 
melanin contents were determined using the previously described 
method [26]. Briefly, the cells were detached with 300 μL of TrypLE™ 
Express (Gibco, Thermo Fisher Scientific) and resuspended to 500 μL 
total volume by adding 200 μL of DPBS buffer. Then, the cell suspension 
was diluted with 500 μL 20% DMSO in 2 M NaOH at 70 ◦C for 1 h, 
sonicated for 15 min and absorbance was measured at 475 nm. Isolated 
porcine melanin was used as the melanin standard in the quantification, 

and it was sonicated and prepared (0, 0.05, 0.1, 0.25, 0.5, and 1 mg. 
mL− 1) similarly to the cell suspension. 

2.3.5. Measurement of non-specific binding 
In order to measure non-specific binding of levofloxacin and timolol 

in the Quasi Vivo® system, the compound solutions at concentrations of 
1, 5, and 10 μM (in DMEM/F-12 medium supplemented with 10% FBS) 
were transferred to a dynamic flow system in a similar setting to the 
cellular drug release assay described above. Samples of 100 μL (with no 
medium replacement) were withdrawn in the beginning of the experi-
ment and after 1, 2, 3, and 6 days to measure the variation of concen-
tration, also medium volume at the end of the experiment was 
determined to measure the evaporation rate during the experiment. 
Finally, the protein in the samples was first precipitated by 2:1 aceto-
nitrile to sample volume and centrifuged at 15000 g for 10 min, and the 
supernatant was further diluted 1:1 with phosphate buffer at pH 2 and 
the samples were stored at − 20 ◦C to be analyzed by ultra-performance 
liquid chromatography (UPLC). 

2.4. Analytical methods 

2.4.1. LC-MS/MS analysis 
Sample preparation in the release studies with melanin, melano-

somes, and cells have been described above. Internal standards were 
levofloxacin D8, rac timolol-d5 maleate salt, terazosin D8, and papav-
erine D3. Calibration curves were prepared in the same manner using a 
background medium. In addition, six replicates of quality control sam-
ples were prepared for each compound at 1, 10, and 100 nM in order to 
assess matrix effects and recovery. For matrix effects, triplicates of 10 
nM were prepared using 100 μL of acetonitrile with 0.1% formic acid 
instead of medium. 

The separation was carried out using a Waters UPLC tandem mass 
spectrometry instrument (UPLC–MS/MS; Waters, MA, USA) on a Waters 
UPLC HSS T3 (1.8 μm, 2.1 × 100 mm) column at 40 ◦C. The injections 
were performed with a flow-through needle injection system using a 
volume range of 0.15–0.5 μL (depending on the compound). The mobile 
phases were 0.1% formic acid in ultrapure water (A) and 100% LC-MS 
grade acetonitrile (B). The gradient elution for timolol started with 
90% A and 10% B (0–3 min) and continued with 100% of B (3–6 min) 
and the complete run time was 9 min including column wash and 
equilibration at a flow rate of 0.4 mL.min− 1. For papaverine and levo-
floxacin gradient with 10–95% of B at 0–3 min and a total run time of 
7.5 min was used. Terazosin gradient was initiated with 10% of B at 
0–0.5 min followed by 10–95% of B at 0.5–3.5 min (total run time, 6.7 
min) and the flow rate was 0.3 mL.min− 1 for these three compounds. 

Mass spectrometric measurement was performed with Waters Xevo 
TQ-S triple quadruple mass spectrometer coupled with electrospray 
ionization (ESI) on a positive mode for all four compounds. Optimized 
MS-parameters were as follows: capillary voltage 1.5 kV (terazosin and 
papaverine), 3.2 kV timolol, 3.5 kV (levofloxacin); cone voltage 4 V 
(timolol), 80 V (terazosin), 8 V (terazosin D8), 22 V (papaverine and 
papaverine D3), 28 V (levofloxacin and levofloxacin D8), 2 V (rac 
timolol-d5 maleate); source temperature 150 ◦C; and desolvation tem-
perature 500 ◦C (terazosin, and timolol) or 450 ◦C (papaverine and 
levofloxacin). Nitrogen (AGA, Helsinki, Finland) was used as the des-
olvation gas (1000 L.h− 1 for terazosin, and timolol; 800 L.h− 1 for 
papaverine and levofloxacin) and the cone gas (150 L.h− 1). Argon (AGA, 
Helsinki, Finland) was utilized as the collision gas (9 L.h− 1). Multiple 
reaction monitoring (MRM) mode was used as the scan type. The mass 
transitions and their respective collision energies are presented in Sup-
plementary Table S1. The resulting data were analyzed with Waters 
MassLynx V4.1 software. Isopropanol injections were run between every 
sample to prevent any carry-over. 

The lower limits of quantification (LLOQ) for the LC-MS/MS method 
were as follows: levofloxacin and papaverine 0.1 nM; terazosin, and 
timolol 0.5 nM. The lower limit of quantification (LLOQ) was considered 
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at a signal-to-noise ratio of 9:1. 

2.4.2. UPLC analysis 
The samples from non-specific binding experiments were analyzed 

by UPLC (Acquity UPLC, Waters, Milford, MA, USA) with UV detection 
(Photodiode Array Detector, Waters, MA, USA). The separation was 
performed utilizing a Luna Omega Polar C18 (1.6 μm, 2.1 × 50 mm) 
column (Phenomenex) at 30 ◦C. The injection volume was 5 μL and 
gradient mode was selected for all the compounds with an acetonitrile/ 
15 mM phosphate buffer (1:1 at pH 2) mobile phase. Gradient duration 
was 3–6 min depending on the sample (levofloxacin, and timolol). In the 
UPLC analysis, the LLOQs were 0.5 μM for levofloxacin and timolol 
(calibration curves are available in supplementary material). 

2.5. Data analysis and simulations 

2.5.1. Drug release from melanin and melanosomes 
Sips isotherm was fitted to the experimental release data from 

melanin that assumes several binding modes of the drug on heteroge-
nous melanin surfaces [28]. Fitting was based on the following 
equations: 

d
dt
(L) = − kon.Ln.M + koff .LM (1)  

d
dt
(M) = − kon.Ln.M + koff .LM (2)  

d
dt
(LM) = kon.Ln.M − koff .LM (3) 

where L, n, M, and LM correspond to the concentrations of free 

ligand (L), heterogeneity index (n), available (M) and occupied binding 
sites (LM). The equilibrium dissociation constant (Kd), and the rate 
constants for association (kon) and dissociation (koff) are presented as 
follows: 

Kn
d =

koff

kon
(4) 

Other parameters, such as Kd (μM), n, and maximum binding ca-
pacity (Bmax, nmol.mg− 1) are available from the literature (See Table 2) 
[21,29]. The total concentration of binding sites (Mtot) was calculated 
based on melanin concentration (M0) and Bmax as follows: 

Mtot = M0.Bmax (5) 

The curve fitting was performed with Berkeley Madonna software (v 
10.2.8, University of California, Berkeley, CA) using Rosenbrock (stiff) 
integration with the time step fixed at 0.0001 min to estimate koff for 
each compound. The codes for the model are available in the supple-
mentary information (Supplementary Table S2). 

A similar curve fitting procedure was applied to the release data from 
melanosome experiments to estimate apparent dissociation rate con-
stants (app koff) from melanosomes. This parameter depends on koff from 
melanin particles (within melanosomes) and the melanosomal mem-
brane permeability of the drug. 

2.5.2. Simulation of drug release from pigmented cells 
The model for drug release from ARPE19-mel cells was built using 

Stella Professional version 2.1.4 (Isee systems, Lebanon, NH, USA). This 
bottom-up model (Fig. 1) was developed based on previous principles 
[20]. The model parameters are shown in Table 1, assuming that only 
free drug is able to permeate across melanosomal membrane and plasma 

Fig. 1. Schematic structure of the model for drug release from melanosome-containing cells. All the drug in the cells is assumed to be melanin bound at time = 0. 
Dissociation and association rates to melanin are controlled by koff and kon. Identical apparent permeability (Papp) values were used for melanosomal and 
plasma membranes. 
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membrane. Epithelial permeability studies report apparent permeabil-
ities in cell monolayers (incl. Apical and basolateral membranes). 
Permeability values for single membranes were estimated as follows: 

1
Papp,total

=
1

Papp,apical
+

1
Papp,basolateral

(6) 

Thus, 

Papp,apical or basolateral = 2×Papp,total (7)  

where, Papp, total is the apparent permeability of a cell monolayer and 
Papp, apical or basolateral denotes permeability in a single membrane (apical 
or basolateral). The medium volume was 20 mL; evaporation rate and 
added compensatory volumes were taken into account in the model. 
Thus, the rate of transport from inside the melanosomes to the cell 
cytosol can be written as: 

Net rate of transport = Papp,appical or basolateral × SA×
(
CMel − CCytosol

)
(8) 

where permeation rate is controlled by the surface area (SA) of 
melanosomes and the unbound concentration difference between me-
lanosomes (Cmel) and cytosol (Ccytosol). The same principles can be 
written for drug flux across cellular plasma membrane to the extracel-
lular space. We assume similar permeability for melanosomal and 
plasma membrane, and a coverslips SA of 1.13 cm2 for the cell 
compartment. The confluent coverslips contained 165,000 ± 6500 cells 
and their melanin contents were determined at the end of the release 
study. Knowing the fraction of melanosomes (0.07) in 100% pigmen-
tation control cells (250 μg per 60,000 cells) [24], we estimated mela-
nosomal SA in the experiment (Table 1). There were ~ 20% non-specific 
binding to plastic components of Quasi Vivo® for timolol. This factor 
was taken into account in the simulation model. 

The interplay of parameters in the model was evaluated as follows: a) 

a 2–5 fold range of calculated koff; values were used; b) melanin content 
from the experiment and higher amounts (range of 20–100% pigmen-
tation per SA) were simulated; c) melanosomal SA was simulated over 
25-fold range (0.3–5 cm2); d) compound's specific permeability from the 
literature (Table 1) [10,19,30,31]. Finally, in order to further explore 
the interplay between melanosomal membrane properties and com-
pound release, a relevant melanosomal SA to melanin content was 
selected for three cases with binding parameters (incl. koff) of timolol, 
levofloxacin, and terazosin. Next, a wide range of hypothetical perme-
abilities (0.1–100 × 10− 6 cm.s− 1) was tested using their respective 
binding parameters from Table 2. 

In order to depict the impact of melanin content, we performed 
another simulation using a biologically relevant dose of 9.4 μg levo-
floxacin per coverslips. Since binding at equilibrium will require long 
incubation time, we only considered 90% of bound drug (relative to 
equilibrium point) for release simulation from different pigmentation 
levels. This is equivalent to the intravitreal injection of 0.1 mg levo-
floxacin to the human eye (retinal surface area: 12.04 cm2 [32]). 

3. Results 

3.1. Drug release from melanin particles 

Based on previous in vitro melanin binding studies [21,29], com-
pounds with different melanin binding properties (timolol, levofloxacin, 
papaverine, terazosin) were selected (Table 2). Drug release data 
(Table 3) and profiles (Fig. 2) showed remarkable differences among the 
compounds, release times ranging from less than one hour (timolol) to a 
few hours (other compounds). The dissociation rate constants for high to 
extreme melanin binders (levofloxacin, papaverine, and terazosin) were 
0.46–0.47 h− 1, while intermediate binder timolol showed koff of 7.23 

Table 1 
Parameters used in the model and their values.  

Parameters in model Values Reference/info   

Papp in membrane 
(levofloxacin) 

2.16 × 10− 6 cm.s− 1 Calculated from Caco-2 cells [30]  

18 × 10− 6 cm.s− 1 Calculated from LLC-PK1 cells [19] 
Papp melanosomal membrane (levofloxacin) 2–5 × 10− 6 cm.s− 1 Estimated from melanosomal drug release 
Papp in membrane 

(timolol) 
16.8 × 10− 6 cm.s− 1 Calculated from isolated RPE-choroid of bovine eyes [33]    

Amount of cellular melanin 138.5 μg (n = 8) Experimental 
Amount melanin (isolated melanosomes) 60 μg (n = 20) Experimental 
Amount of melanin 

(melanin study) 
10 μg (n = 12) Experimental 

Medium volume 20 mL Experimental 
Evaporation rate 258 μL day− 1 Experimental 
Inserted volume 350 μL day− 1 Experimental 
Medium renewal (50%) Day 4 and 7 Experimental 
Cell number 165,000 cells/coverslip (n = 7) Experimental 
Coverslip surface area 1.13 cm2 Experimental 
Volume of ARPE19-mel cells 1.65 μL Calculated from [34] 
Melanosomal volume fraction 0.07 [35] 
Surface area of melanosomes in the cell experiment 1.39 cm2 Calculated assuming spherical shape with a diameter of 1 μm  

Table 2 
Sips isotherm binding parameters for drug binding to melanin (mean ± SE) at pH 7.4.  

Compounda Kd ± SE 
(μM) 

Bmax ± SE 
(nmol.mg¡1) 

n ± SE kb ± SE Binding class 

Timolol 120 ± 30 39 ± 6 0.95 ± 0.03 0.42 ± 0.02 intermediate 
Levofloxacin 157 ± 56 72 ± 23 0.73 ± 0.02 1.82 ± 0.58 intermediate-high 
Papaverine 66 ± 18 66 ± 6 0.72 ± 0.02 3.29 ± 0.76 high 
Terazosin 46 ± 16 112 ± 13 0.64 ± 0.02 9.52 ± 2.45 high-extreme  

a Binding parameters were collected from previous studies [21,29]. b k ≡ Bmax/Kd
n. 
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h− 1 (Table 3). Kd and Bmax values showed clear differences among the 
compounds and the mean heterogeneity index (n) of Sips isotherm were 
0.64–0.95 (Table 2). 

3.2. Drug release from melanosome 

The apparent koff values describing the drug release from melano-
somes were smaller than the corresponding koff values from pure 
melanin (Table 3). For instance, dissociation of timolol from the mela-
nosomes was ≈ 8 times slower than from melanin, while the differences 
between melanin and melanosomes were ≈ 1.3–2.3 fold for the other 
compounds. Then, we simulated drug release from melanin (with 
identical melanin content in the melanosomes) using experimental koff 
values and compared these simulations with experimental and simu-
lated drug release from the melanosomes (Fig. 3). Obviously, the mel-
anosomal membrane slows down release, particularly in the case of 
timolol and terazosin (Fig. 3). 

Thereafter, we simulated drug release from melanosomes by utilizing 
similar surface area and melanin content but using unique binding 

parameters for each drug (Tables 2-3). Theoretical permeability values 
were screened for melanosomal membranes to illustrate the impact of 
the membrane permeability on drug release (Fig. 4). Changes in mem-
brane permeability have a remarkable impact on release and such effects 
were evident at realistic values of permeability coefficients (10− 7–10− 5 

cm.s− 1). The simulations suggest that the drug amount associated in 
melanosomes at 24 h was in the range of 0.5–3% in most cases, whereas 
this estimate for terazosin was below 10%. 

3.3. Drug release from pigmented cells 

Levofloxacin and timolol, two drugs with different dissociation rates 
and melanin binding, were selected for the cell studies. The cumulative 
release was followed until the plateau. Timolol showed non-specific 
binding in the range of 20% to Quasi Vivo® component during the 
six-day assay, but levofloxacin expressed no binding to the system. 
Timolol was released from the cells within 24 h, whereas levofloxacin 
showed retention for 11–13 days (Fig. 5). 

Levofloxacin simulations showed that cell permeability has a sig-
nificant effect on drug release from the cells, whereas 2-fold difference 
in koff did not affect cellular drug retention and 5-fold change resulted in 
slight impact on the release rate (Fig. 5). Permeability change (2.2 ×
10− 6 cm.s− 1; 18 × 10− 6 cm.s− 1) for levofloxacin resulted in 7-fold dif-
ference in the release rate at which 90% release was obtained (Fig. 6). 
On the other hand, five-fold variation in melanosomal surface area did 
not affect the final release rate, whereas assuming 10 times higher sur-
face area caused 20–30% reduction in the final release rate (data not 
shown). 

Levofloxacin release from pigmented cells, melanosomes, and 

Table 3 
Dissociation rate constants of the drugs from melanin (koff) and apparent 
dissociation rate constants from melanosomes (apparent koff).  

Compounds koff(h¡1) 
(melanin) 

apparent koff(h¡1) (melanosomes) 

Timolol 7.23 0.97 
Levofloxacin 0.47 0.32 
Papaverine 0.46 0.36 
Terazosin 0.46 0.20  

Fig. 2. Drug release from melanin in vitro. Experimental data points (open dots) and fitted dissociation curves (solid lines) are shown for timolol, levofloxacin, 
papaverine, and terazosin. Y-axis represents free compound concentration and error bars describe the standard deviations (n = 3–6). 
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melanin were simulated with identical melanin content and melanin 
affinity (Fig. 6). Drug release of 90% from melanin, melanosome, and 
pigmented cells took place in 5, 20, and 120 h, respectively (Fig. 6). The 
intermediate binder timolol showed the faster release as all drug was 
released in <24 h. 

The simulations on levofloxacin release from the cells at three 
different pigmentation levels (100% representing the levels in the 
human RPE) revealed that melanin content has remarkable effect on 
drug retention in the pigmented cells (Fig. 7). First, identical initial 
quantity of melanin bound levofloxacin was simulated at three levels of 

Fig. 3. Drug release from melanosomes. Open dots represent experimental data and solid lines are fitted data with an apparent dissociation rate constant (app koff) 
using the kinetic simulation model. A hypothetical drug release from melanin (dashed lines) was simulated using experimental koff from melanin release studies. The 
error bars represent the standard deviation (n = 3–6). 

Fig. 4. Simulated release of timolol (A), levofloxacin (B), and terazosin-like (C) drugs from melanosomes at different melanosomal membrane permeabilities (solid 
lines, × 10− 6 cm.s− 1). The dashed lines are simulated drug release profiles from melanin particles (no membrane). In all cases, similar melanin content and mel-
anosomal surace area (Table 1) were used. In some cases, dashed lines are overlapped by solid lines indicating that the melanosome membrane does not limit 
drug release. 
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pigmentation. Time to release 90% of the drug increased from 3 to 27 
days at 20% and 100% pigmentation, respectively. Secondly, higher 
levels of melanin resulted in nearly two orders of magnitude increase in 
total and free drug concentrations at 20–100% melanin contents when 
incubation with fixed 9.4 μg of levofloxacin was simulated. If minimum 
active concentration of levofloxacin would be 0.001 μg.mL− 1 (≈3 nM) 
(Fig. 7B), the durations of drug action range from ≈ 20–80 days at 
pigmentation levels of 20–100%. However, at minimum inhibitory 
concentrations of 2 μg/mL only short duration of action is expected. The 

simulations with timolol and levofloxacin-like compound suggests that 
melanin can reduce the unbound melanosomal concentrations by 4–5 
log for levofloxacin-like high binder, and 3 log units for intermediate 
binder (Fig. 8). In all cases, the ratio between unbound and bound 
fractions remained essentially constant over time. Thus, at any given 
time point, only very small fraction of melanosomal drug is available for 
permeation to the cytosol and further to the extracellular space. 

Fig. 5. Dissociation of timolol (left) and levofloxacin (right) from ARPE19-mel cells (open dots) and simulation (solid lines). Nonspecific binding of timolol to 
QuasiVivo components was taken into account in the simulations. Standard deviations are reported as error bars (n = 3). 

Fig. 6. LEFT. Simulation of levofloxacin release from the pigmented cells using two different membrane permeability values. The circles represent the mean ± S.D. of 
the experimental results. RIGHT. Drug release curves from melanin, melanosomes and cells were predicted using the permeability of 2.2 × 10− 6 cm.s− 1 in the 
membranes. Open circles and error bars represent mean experimental data ± S.D. (n = 3) from ARPE19-mel experiments. 

Fig. 7. A) Simulation of levofloxacin's release at three different pigmentation levels comparable to human RPE with identical drug associated with melanin. B) 
Levofloxacin simulation after incubating 9.4 μg drug to pigmented cells, using 90% of equilibrium bound amount as initial bound concentration at t = 0. Solid lines 
represent the total drug concentration associated with the cells, and dashed lines represent the free levofloxacin concentrations in the cell cytosol. 
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4. Discussion 

Prior research has shown extensive drug retention and prolonged 
action in ocular pigmented tissues [14,15,36]. Melanin binding is a 
potential approach for targeted delivery to the pigmented tissues, such 
as the iris, ciliary body, RPE, and choroid. Nevertheless, drug retention 
in these tissues cannot be simply explained by the binding affinity of the 
drugs to melanin. For example, pilocarpine does not have significant 
binding in vitro [37–39], but it is retained 3–10 times more in the pig-
mented rabbit ocular tissues than in the corresponding albino rabbit 
tissues [40,41]. Moreover, papaverine has high affinity to melanin, but 
in vivo data shows elimination from the eye more rapidly than expected 
[19]. Dissociation of drugs from pure melanin is quick [19,42], but 
retention in the pigmented tissues can be substantially prolonged [19]. 
Rimpelä et al. developed a theoretical simulation model for drug 
dissociation from pigmented cells, but the experimental validation of the 
model was missing [20]. For this reason, we generated a drug release 
data and models for drug release from melanin, melanosomes, and 
pigmented cells. This was done to improve understanding of melanin 
binding in ocular pharmacokinetics. 

Melanin. We explored drug dissociation from melanin particles by 
using high medium volume to ensure undisturbed drug dissociation. In 
addition, curve fitting was performed with Sips isotherm that considers 
the heterogeneous surface and multiple binding sites on the melanin 
particles [43]. The calculated koff rates were similar for the high binders 
(papaverin, terazosin, and levofloxacin), translating to half-lives of 
about 1.5 h, which is significantly longer than the observed release half- 
life of timolol (≈ 6 min). As such, fast dissociation of drugs from melanin 
does not explain the ocular pharmacokinetics of melanin binding 
compounds. 

Melanosomes. Dissociation of drugs from isolated melanosomes has 
been reported before [42,44], but there were major concerns regarding 
the purity of the isolated product. It is unclear whether the dissociation 
was studied with melanosomes, melanin, or their mixtures, because the 
preparations were not well-characterized. Herein, we used our recently 
published method [22] to produce a pure fraction of intact functional 
melanosomes. Our uptake and release study indicated higher drug 
loading in melanosomes than in melanin. This is related to the higher 
melanin content in the melanosome samples. Our dissociation model for 
drug release from melanosomes and melanin indicated that the mela-
nosomal membrane slowed drug dissociation of all four compounds as 
evidenced by the apparent koff values that were smaller than koff values 
for identical melanin amounts (Table 3, Fig. 4). Furthermore, the release 

is affected by the free fraction of the drug within melanosomes, gov-
erned by the melanin affinity (Fig. 8). Taking into account these factors, 
it should be possible to tune drug release from melanosomes. 

Pigmented cells. Drug release from pigmented cells has been studied in 
vitro [21], but it is difficult to maintain sink-conditions and avoid 
equilibration in small culture wells of conventional static cell cultures, 
particularly in the case of high melanin binders. Moreover, the mela-
nosomes used for melanization must be intact, that was not the case in 
the release studies from re-pigmented bovine amelanotic RPE cells by 
Basu et al. [45]. We used a dynamic flow system (QuasiVivo®) to study 
the release of timolol and levofloxacin from pigmented ARPE19-mel 
cells. This approach enables the maintenance of sink conditions (high 
medium / cell ratio) and long-term cell viability (peristaltic flow and gas 
exchange) [46]. The peristaltic flow improves fluid dynamics as 
compared to static systems [47,48]. In this study, we used the phar-
macologically relevant cell model, re-pigmented ARPE-19 cells [24], 
that express similar drug transporter profile to the primary human RPE 
cells [49]. Thus, we could grow cells containing intact melanosomes 
with a controlled degree of pigmentation to explore long-term retention 
of the drugs in these pigmented ARPE-19 cells. Although QuasiVivo® is 
a promising tool for long kinetic cell assays, non-specific binding to its 
large plastic surface area can be a challenge [26], as we observed for 
papaverine (data not shown). Also timolol bound to the plastic com-
ponents of Quasi Vivo® (≈20%), but it was taken into account in the 
calculations and simulations. Overall, this experimental setup generates 
valuable parameters for simulation models that can be used to refine 
animal experiments. 

The pigmented cells showed remarkably longer drug retention (1–2 
weeks) than melanosomes (20h) or melanin (5 h). Based on our exper-
imental data, we built simulation models to explore the interplay of 
different factors that contribute to the long drug retention in the pig-
mented cells (Table 1, Fig. 1). Importantly, the simulation of cellular 
drug release matched the experimental cell data from the dynamic flow 
system (Fig. 5). It is evident that the compound permeability across 
melanosomal and plasma membranes has a pronounced effect on the 
prolongation of drug retention in the pigmented cells. The simulations 
also showed that melanin binding can reduce the free concentration 
inside melanosomes to 3–5 order of magnitude for simulated com-
pounds. Overall, it seems that the negligible free drug fraction in the 
melanosomes and the permeability in both melanosomal and cellular 
membranes contribute to the prolonged retention in pigmented cells 
compared to the short retention in the melanin particles. 

There are inter-species differences in melanin content of the RPE 
[53] and unequal melanin distribution in the RPE [54,57]. Further, 
melanin content in the RPE decreases with aging (from 95 μg.mg− 1 at 
age of 14–50 to 22 μg.mg− 1 at ages >70 years) or due to certain ocular 
diseases [35,54,57]. Nonetheless, impact of aging on choroidal melanin 
remained to be determined [55,56]. On the other hand, the melanin 
concentration of RPE in the macular region remains steady and high 
suggesting that melanin targeting for posterior segment drug delivery is 
a relevant approach [54,55]. We measured melanin contents in the cells, 
which is important in the model validation. Further simulations with 
different melanin levels indicate that it has a major impact on drug 
release rate for two reasons. Firstly, higher levels of melanin in these 
cells are associated with higher uptake of the drug to pigmented cells. 
Secondly, a larger melanin content causes prolonging drug retention in 
pigmented cells, assuming that the same amount of drug is bound to 
melanin. In a study by Menon et al. bovine iris released 29% of bound 
timolol during 90 min, whereas the ciliary body with less melanin lost 
52% of timolol in the same time [58]. Furthermore, they studied timolol 
release for the iris-ciliary body from albino, brown, gray, and black 
rabbits with different levels of melanin. Black rabbit iris-ciliary body 
took up more drug than the iris-ciliary body of brown rabbits, and 
retention was modestly longer in the tissue of black rabbits. Unfortu-
nately, total melanin content per tissue was not reported in that study, 
but the different melanin content can potentially explain such 

Fig. 8. Simulation of total and free levofloxacin and timolol-like compounds in 
the RPE cell melanosomes. Pigmentation levels comparable to human RPE were 
used in the simulation. Similar doses of levofloxacin and timolol (9.4 μg) were 
simulated using 90% levels of bound drug as the starting point (t = 0). Solid 
lines represent the total drug concentration associated with melanosomes, and 
dashed lines are the free concentration in the melanosomes. Identical mem-
brane permeability was considered for both drugs in this simulation. 
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observations. Overall, our simulation model will be useful in predicting 
drug retention and concentrations in different species and situations 
with varying levels of melanin. 

We used re-pigmented ARPE-19 cells that contain porcine melano-
somes. Even though melanin is from pigs, the findings should be trans-
latable to pigmented human tissues. Structure of melanin is similar in 
various species [9,20] and, consequently, binding of drugs to melanins 
of different origins is clearly translatable, even though the exact 
numbers of binding may vary [59]. Therefore, our conclusions should be 
clinically relevant. 

Simulations. The simulation model was generated with the following 
assumptions: 1) All the bound drug is associated with melanin and not to 
the other cellular compartments. Other studies show that >90% of the 
drug can be associated within the melanosomes inside the pigmented 
RPE cells [24,34]; 2) The pigmentation level in the in vitro release study 
was ≈20% of the levels in the human RPE; 3) Cytosol is not a significant 
delaying barrier and the compounds are rapidly distributed within the 
cytosol [50–52]. Our model suggests that it is important to evaluate 
melanin content per surface of pigmented tissue for pre-clinical drug 
development phases, and special consideration should be given to inter- 
species translation. It should be noted that the confluent coverslips 
contained 146,000 cells.cm− 2 (≈690 μg melanin), which is about half of 
the levels in the human RPE (295,000 cells.cm− 2) [32,60]. This suggests 
that there is about two times more melanin per surface area in the 
human RPE than in our experimental setting. The large melanin 
amounts may lead to the very long drug retention periods of weeks and 
months in vivo. Moreover, inter-species differences in ocular pharma-
cokinetics should be taken into account in drug discovery. For example, 
monkey eyes have 10–20 times more melanin in RPE-choroid than 
human RPE [53,61]. Higher melanin content may lead to greater drug 
accumulation, potentially overestimating clinical drug retention. 
Furthermore, varying melanin contents in different ocular tissues have 
pharmacological implications [61]. In particular, human choroid has 
substantially higher melanin content than the RPE [54,56], suggesting 
significant melanin bound drug depot in the choroid after ocular and 
systemic administration [11,62,63]. 

Free drug concentration in the pigmented cells or in their vicinity is 
critical from the viewpoint of pharmacological responses. Melanin 
binding is governed by the compound's affinity to melanin, but free drug 
concentrations in the cytosol and extracellular tissue space are affected 
also by the free drug concentration in the melanosomes and membrane 
permeability of the compound. Therefore, low-affinity melanin binder 
might lead to higher free cellular drug concentrations than a high binder 
drug, even though the retention would be shorter [21,27]. Jakubiak 
et al. demonstrated a strong correlation between drug accumulation to 
the pigment in vitro and in vivo, but drug retention in the pigmented 
tissues did not show as great correlation with melanin binding in vitro 
[19]. Such observations highlight the importance of the interplay be-
tween melanin binding and permeability factors, as membrane perme-
ability also affects cellular retention of drugs in the pigmented cells. 
Access of drug to the melanosomes is also dependent on the membrane 
permeability and adequate permeability is a prerequisite of drug binding 
to melanin in vivo. Overall, a permeability should be be taken into ac-
count in discovery of melanin binding drugs. 

In summary, membrane permeability, affinity to melanin and 
melanin content are critical determinants of final drug levels and 
retention in the pigmented eye tissues, such as the RPE and choroid. 
High affinity to melanin increases drug loading to melanosomes and 
keeps the free melanosomal concentration at low levels, thereby pro-
longing drug release from the melanosomes. Membrane permeability 
determines access of drug to melanosomes well as the rate for free drug 
permeation from the melanosomes to cytosol and extracellular space. 
The interplay of permeability and melanin binding is useful information 
in ocular drug discovery and development as these factors could be 
taken into account when routes of drug administration, doses and dosing 
frequencies and drug delivery systems are designed. 

5. Conclusion 

Drug retention in pigmented tissues is controlled by the drug 
permeability in the cell membranes, binding to melanin, unbound 
fraction of drug in the melanosomes and melanin content in the cells. 
Drug release rate is remarkably slower from the pigmented cells as 
compared to isolated melanin and melanosomes. The dynamic flow 
system enabled us to study drug retention in pigmented tissues for a long 
periods. The mechanistic simulation model showed acceptable match 
with the experimental data and provides a tool for sensitivity analyses 
and predictions in drug development. 
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[62] A.-K. Rimpelä, M. Garneau, K.S. Baum-Kroker, T. Schönberger, F. Runge, A. Sauer, 
Quantification of drugs in distinctly separated ocular substructures of albino and 
pigmented rats, Pharmaceutics. 12 (2020) 1174. 

[63] K.-S. Vellonen, E.-M. Soini, E.M. Del Amo, A. Urtti, Prediction of ocular drug 
distribution from systemic blood circulation, Mol. Pharm. 13 (2016) 2906–2911. 

S. Bahrpeyma et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0060
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0060
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0060
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0070
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0070
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0075
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0075
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0075
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0080
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0080
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0080
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0080
https://doi.org/10.1021/acs.jmedchem.8b01281
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0090
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0090
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0090
https://doi.org/10.1021/acs.molpharmaceut.9b00769
https://doi.org/10.1021/acs.molpharmaceut.9b00769
https://doi.org/10.1016/j.addr.2017.12.008
https://doi.org/10.1021/acs.molpharmaceut.5b00787
https://doi.org/10.1371/journal.pone.0160352
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0115
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0115
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0115
https://doi.org/10.1038/s41598-019-50324-8
https://doi.org/10.1038/s41598-019-50324-8
https://doi.org/10.1002/bit.22671
https://doi.org/10.1007/978-1-4614-3055-1_9
https://doi.org/10.1007/978-1-4614-3055-1_9
https://doi.org/10.1016/j.jconrel.2018.05.034
https://doi.org/10.1016/j.jconrel.2018.05.034
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0140
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0150
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0150
https://doi.org/10.1016/j.survophthal.2005.07.001
https://doi.org/10.1016/j.survophthal.2005.07.001
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0165
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0165
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0165
https://doi.org/10.1016/j.jconrel.2018.05.034
https://doi.org/10.1016/j.jconrel.2018.05.034
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0180
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0180
https://doi.org/10.1021/acs.molpharmaceut.6b00782
https://doi.org/10.1016/j.ejps.2017.07.027
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0195
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0195
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0195
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0200
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0200
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0200
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0205
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0205
https://doi.org/10.1021/acs.molpharmaceut.5b00783
https://doi.org/10.1021/acs.molpharmaceut.5b00783
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0215
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0215
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0220
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0220
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0220
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0245
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0245
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0245
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0250
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0250
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0255
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0255
https://doi.org/10.1016/j.exer.2012.03.004
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0260
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0260
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0260
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0265
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0270
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0270
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0295
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0295
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0305
http://refhub.elsevier.com/S0168-3659(22)00354-6/rf0305

